Scandium perovskite (Sc 0.94 Mn 0.06 )Mn 0.65 Ni 0.35 O 3 , synthesized at high pressure and high temperature, has a triclinic structure (space group P1) at room temperature and ambient pressure with a √ 2a p × √ 2a p × 2a p structure with α ≈ 90 • , β ≈ 89 • , γ ≈ 90 • . Magnetic measurements show that the material displays Curie-Weiss behaviour above 50 K with C = 2.11 emu K mol −1 (μ eff = 4.11 µ B per formula unit) and θ = −95.27 K. Bond valence sum analysis of the crystal structure shows that manganese is present in three different oxidation states (+2, +3, +4), with the +2 oxidation state on the A site resulting in a highly tilted perovskite structure (average tilt 21 
Introduction
Multiferroic materials have been receiving an increased amount of attention recently owing to the possibility of creating higher-density memory through electrical write and magnetic read [1] . Some classes of magnetic order remove the centre of symmetry in the crystal structure and produce coupling between the magnetization and polarization, e.g. TbMnO 3 [2] and DyMnO 3 [3] . A second approach is to impose polarization chemically on a structure that displays a permanent magnetization.
This second approach can involve combining a stereochemically active lone-pair element such as Bi 3+ or Pb 2+ on the A site of a perovskite structure with magnetically ordering transition metals on the B site, e.g. Bi 2 MnNiO 6 [4] . Here, the polar rhombohedral derivatives of perovskite structures based on Bi 3+ have been popular platforms for combining magnetism and polarity; in particular, BiFeO 3 -based derivatives have been the source of much work [5] . Other multiferroic efforts have focused on exploiting large differences in cation size to remove the centre of symmetry. For example, the coexistence of ferromagnetism and ferroelectricity has been demonstrated in the high-pressure phase of FeTiO 3 , isostructural with LiNbO 3 . This same approach has generated multiferroic interest in ScFeO 3 , which can be synthesized under high pressure, adopts a polar derivative of the corundum structure and has permanent magnetization above room temperature [6] . The small size of both Fe 2+ and Sc 3+ drives the distortion from the perovskite to the closepacked, oxide-based corundum and LiNbO 3 structures. A site displacement due to mismatched cation sizes has been proposed as a mechanism for obtaining polar behaviour in ferromagnetic Ni−Mn double perovskites, such as (La,Lu) 2 MnNiO 6 [7] , and in Y 2 NiMnO 6 [8] , with Y 3+ being used as the small A site ion that drives the polarization-producing distortion. Sc 3+ is smaller than both Lu 3+ and Y 3+ , so may induce a greater distortion in the perovskite structure if this can be retained despite the competition with corundum. Park & Parise [9] also noted that the smaller the M ion, the greater the tilting of the octahedra in the series MCrO 3 (M = La-Lu, In, Sc), reaching a maximum at In.
Few A site scandium perovskites are known, with ScAlO 3 [10] , ScCrO 3 [9] and ScRhO 3 [11] all requiring high-pressure synthesis. Attempts by several groups to synthesize perovskite ScMnO 3 at 5 GPa proved unsuccessful, producing instead hexagonal ScMnO 3 [12] . However, recently Chen et al. [13] used 12.5 GPa to produce perovskite ScMnO 3 . This paper reports the outcome of synthesis addressing the target composition Sc 2 MnNiO 6 , which was selected on the basis of Sc 3+ providing the distortion for ferroelectricity, with B site order of Mn 4+ and Ni 2+ and the associated half-filled-empty orbital superexchange providing the ferromagnetism [14] . Attempts to synthesize Sc 2 MnNiO 6 were unsuccessful, leading to the perovskite-based material with the distinct composition described here.
Experimental (a) Synthesis
Polycrystalline Sc 2 MnNiO 6 and (Sc 0.94 Mn 0.06 )Mn 0.65 Ni 0.35 O 3 were synthesized under high pressure and temperature using a Rockland Research 600 tonne press with the Walker octahedral multianvil design [15, 16] . Stoichiometric amounts of Sc 2 O 3 (Alfa Aesar, 99.998%), MnO 2 (Alfa Aesar, 99.997%) and NiO (Alfa Aesar, 99.998%) were intimately mixed by hand in a pestle and mortar before being placed in a platinum-lined Al 2 O 3 crucible inside a cylindrical graphite resistance furnace. The graphite furnace is then loaded into the centre of a cast octahedron (Aremco Ceramacast 584-OS). The octahedron is then loaded into the centre of eight truncated tungsten carbide cubes, with the truncations pressing into the faces of the octahedron, forming a cube. This cube is then placed between the six anvils in the press and placed under a hydraulic pressure of 7000 kpsi, which corresponds to a pressure for the sample of 6-7 GPa. Power is then fed to the graphite furnace, giving a sample temperature of 1200 • C, and held for 30 min. The system is then quenched to room temperature by turning the furnace power off. The use of lower temperatures was attempted, but this resulted in a greater amount of impurity phase being formed. Overall, it was found that reproducing synthesis runs required very tight control of both the temperature and the duration of the heating to limit the amount of secondary phases. The material comes out of the press as a fragile pellet that is made up of small (less than 0.5 mm) black shiny crystals that can be broken away from the main pellet. All samples contained a small amount of an Mn-doped Sc 2 O 3 phase (less than 0.01 wt%). 
(b) Characterization
The phase purity was checked by powder X-ray diffraction (XRD) data with a Panalytical X'pert Pro Multi-Purpose X-ray diffractometer (Co Kα 1 radiation, λ = 1.78901 Å) collected at ambient temperature. A sample from a single high-pressure run was loaded in a 0.5 mm diameter amorphous fused silica capillary (Markröhrchen Quarzkapillaren) and measured by synchrotron powder diffraction (SPD) at station I11 of the Diamond Light Source, Harwell. Data were collected stepwise over 1.821-141.953 • 2θ (λ = 0.949831 Å). Another sample from a separate single high-pressure run (≈30 mg) was loaded in a 1.5 mm diameter amorphous fused silica capillary (Markröhrchen Quarzkapillaren) and measured by powder neutron diffraction (PND) on the Polaris station at ISIS, Harwell. Rietveld refinements were performed with the TOPAS program. In combined SPD and PND refinements, the lattice parameters were refined independently, whereas the site occupancies and fractional coordinates were constrained to have the same values. Bond length calculations were made using the PND values. The lattice parameters were refined separately, as the PND and XRD samples came from two separate synthesis runs and so will have differing residual strains from the high-pressure synthesis. A slight difference is also expected due to the differing ambient conditions present for the PND and XRD measurements.
(c) Magnetic measurements
Magnetic characterization was carried out using a Quantum Design MPMS magnetometer, which was controlled using the MPMS software.
(d) Energy-dispersive X-ray analysis
The energy-dispersive X-ray spectroscopy (EDS) was carried out using a JEOL 2000FX transmission electron microscope operated at 200 kV.
Results
Initial ambient-pressure synthesis attempts at the Sc 2 MnNiO 6 target composition afforded hexagonal ScMnO 3 , NiMn 2 O 4 and unreacted oxides. High-pressure synthesis of the target Sc 2 MnNiO 6 afforded a multiphase mixture of two Sc−Mn−Ni−O ternary oxides together with Mn 2 O 3 and Mn 3 O 4 related phases. EDS analysis showed that the compositions of the crystallites clustered into two groups. One of these groups has the Mn : Ni elemental ratio of 2/3 : 1/3, whereas the other group, with fewer crystallites observed, has the inverse ratio (see electronic supplementary material, figure S1 ).
Both groups of crystallites appeared to be slightly scandium-deficient, with an Sc : (Mn/Ni) ratio of 0 3 , where M = Ge [17] , Sn [18] , Si [19] , Ti [20] or V [21] , and in the B site ordered (In 1−y Mn y )MnO 3 [22] , where the B site ordered structure is realized through ordering of Mn 3+ refinement of synchrotron and neutron data was carried out using structural parameters from LuNiO 3 [24] in P2 distinct sites, they divided into two pairs of equivalent occupancies (table 2) . The A site ordering corresponds to corrugated layers of the distinct Sc-only and 12% Mn/88% Sc A sites in the ac plane stacked along the b-axis (figure 2d). The reduction in symmetry from P2 1 /n to P1 increases the number of crystallographically distinct A sites from one to two, and the number of B sites from two to four. The final refined values (table 2) (5) 2.12(6) 3.55(4) 3.54 (1) 2.13 (4) 2.10(5) 3.59(0) 2.64 (9) 2.10(1) Within the Glazer-Woodward scheme, the P1 space group is described as a + b − c − , where the rotations around the x-, y-and z-axes have differing magnitudes, with x-rotations being in phase and y-and z-rotations being in anti-phase. This relates to the monoclinic P2 1 /c tilting system a + b − b − (when the P2 1 /n setting is used, the tilt system is described as b − b − c + [28] ). The tilting angle of the octahedra can be defined as φ = The tilt angles signal a strong deviation from the cubic perovskite structure that is confirmed by four Sc−O bonds for each site being longer than 3 Å. Figure 4 shows the A site coordination environments at the two sites, with the dark grey spheres showing the calculated centroids of the oxygen polyhedra. The Sc1 site is displaced by 0.540(2) Å, whereas the mixed Sc2/Mn6 site has the smaller displacement of 0.515(6) Å-in both cases, the displacements are antiferrodistortive. These distortions compare to ScCrO 3 [9] , where the displacement is 0.503(1) Å, and to ScAlO 3 [10] , where the displacement is 0.452(1) Å. Both ScCrO 3 and ScAlO 3 are Pbnm perovskites with the same b − b − c + tilt system, close to that found in the present B site ordered material. Analysis of the displacement directions reveals that both the Sc1 and Sc2 sites move predominantly along the b-axis. Although the difference between the sites is relatively small (5% of the total displacement), the reduced displacement of the Sc2/Mn6 site coincides with the Mn occupancy of this site. Both Mn 2+ and Sc 3+ cations are too small to occupy a conventional perovskite A site, and thus drive extensive tilting to reduce their coordination number. The relatively small difference between the refined tilts along110 and 110 indicates that the deviation from the monoclinic structure where the tilts would be equal is minor. The driving force behind this deviation is thus the preferential ordering of the manganese cations on one of the two A sites in the P1 structure, which is not possible in the single A site P2 1 /n structure. Although the number of B sites also increases, there are effectively only two distinct sites in the lower-symmetry structure, consistent with the creation of two distinct A sites as the reason for the observed triclinic symmetry.
The Goldschmidt tolerance factor [30] for (Sc 0.94 Mn 0.06 )Mn 0.65 Ni 0.35 O 3 is 0.81, which is below the suggested stability limit for perovskites of t ≈ 0.85 [29] , consistent with the requirement for synthesis under high pressures [31] .
Consistent with the absence of magnetic Bragg scattering in the room-temperature neutron diffraction data, (Sc 0.94 Mn 0.06 )Mn 0.65 Ni 0.35 O 3 is a paramagnet to low temperatures. Curie-Weiss analysis of the susceptibility (figure 5a) between 170 and 280 K affords C = 2.11 emu K mol −1 (μ eff = 4.11 µ B per f.u. (formula unit)) and θ = −95.27 K. This compares well with the calculated C of 2.09 emu K mol −1 (µ eff = 4.09 µ B per f.u.) for the charge distribution of (Sc [32] can be prepared at ambient pressure, whereas Bi 2 NiMnO 6 [4] , BiNiO 3 [33] and BiMnO 3 [34] all require high-pressure synthesis. (Sc 0.94 Mn 0.06 )Mn 0.65 Ni 0.35 O 3 crystallizes in P1, with the distortion away from the familiar P2 1 /n two B site, single A site structure of LuNiO 3 being driven by the need to form two distinct A sites to accommodate Mn 2+ .
